Age-associated alterations in the mucosal immune system are generally termed mucosal immunosenescence. The major change seen in the aged mucosa is a failure to elicit an antigenspecific secretory IgA (SIgA) antibody response, which is a central player for host defense from various pathogens at mucosal surfaces. In this regard, it would be a first priority to compensate for mucosal dysregulation in the elderly in order to maintain their health in aging. We have successfully established antigen-specific SIgA antibody responses in aged (2 years old) mice, which provide protective immunity from Streptococcus pneumoniae and influenza virus infections, by using a new adjuvant system consisting of a plasmid encoding Flt3 ligand (pFL) and CpG ODN. In order to explore possible use of current mucosal vaccine strategies for the elderly, we have adoptively transferred adipose tissue-derived mesenchymal stem cells (AMSCs) to aged mice prior to mucosal vaccination. This immune therapy successfully resulted in protective antigen-specific antibody responses in the intestinal mucosa of aged mice that were comparable to those seen in young adult mice. In this regard, we postulate that adoptively transferred AMSCs could augment dendritic cell functions in aged mice. The potential cellular and molecular mechanisms whereby AMSCs restore mucosal immunity in immunosenescence are discussed in this short review. A stem cell transfer system could be an attractive and effective immunologic intervention strategy to reverse mucosal immunosenescence.
Introduction
The mucosae can be divided into organized tissues where initial induction of immunity occurs and more diffuse sites where actual effector immune responses take place (1, 2) . Gut-associated lymphoid tissues (GALT) and nasopharyngeal-associated lymphoid tissues (NALT) appear to serve as major mucosal inductive sites. Both GALT and NALT are covered by a lymphoepithelium containing microfold (M) cells that continuously take up soluble and particulate antigens (1, 2) . Furthermore, underlying the M cells are well organized regions that include the subepithelium with enriched antigenpresenting cells (APCs), a B-cell zone with germinal centers and adjacent T-cell areas including naive and memory T-cell phenotypes (1, 2) . Upon antigen activation, memory B-and T-cell populations then emigrate from the mucosal inductive environment via lymphatic drainage, circulate through the bloodstream and home to mucosal effector sites such as the lamina propria of the gastrointestinal (GI), upper respiratory (UR) and reproductive tracts where abundant IgA-producing plasma cells are present (1, 2) . Secretory IgA (SIgA) is the primary immunoglobulin involved in protecting mucosal surfaces and is locally produced in mucosal effector tissues (1, 2) . In this regard, the majority of T and B cells in effector tissues are activated and express a memory phenotype (1, 2) . One can appreciate this sophisticated mucosal immune system for the induction of antigen-specific mucosal immunity. However, age-associated changes are found in these immunocompromised hosts in whom there is an increased risk of infections, which mainly occur via mucosal surfaces. Mouse studies showed that the age-associated alterations, including a reduction in size of Peyer's patches (PPs), intestinal antigen-specific SIgA antibody responses and lack of oral tolerance induction occur during the aging process (6-12-month-old mice) (3) (4) (5) (6) . In contrast, NALT functions remain intact during aging with some signs of immunosenescence seen only in fully aged mice (2 years old) (3, 4, 7) . In this short review, we will discuss a novel mucosal vaccine strategy and a stem cell immune therapy to overcome impaired mucosal immune responses in the elderly.
Mucosal immunosenescence
It has been shown through extensive immunologic analyses that a dysregulation occurs in GALT with an overall decline in mucosal immunity in the GI tract during aging (3). Although total IgA antibody levels in mucosal secretions in humans and experimental rodents were either increased or remained unchanged in aging, antigen-specific IgA antibody responses in the GI tract were significantly diminished in elderly humans (8, 9) and experimental animals (10-12) including non-human primates (13) . It has been shown that the size of PPs in aged mice was significantly reduced (3, 4) and the actual numbers of naive CD4 + T cells are diminished (7) . The reduced size of PPs could be due in part to thymic atrophy. However, B-cell follicles, which contribute significant parts to PPs, are also reduced in size. In this regard, this reduced size of PPs could be the outcome of reduced lymphotoxin β (LTβ) signals, which play key roles in tissue organogenesis of PPs and their maintenance (14, 15) . Thus, it has been shown that blockage of LTβ signals by an LTβ receptor-immunoglobulin fusion protein induces reduced sized (flattened) PPs in adult mice that are similar to PPs seen in aged mice (14) . In addition, recent studies showed that the numbers of mature M cells, which take up luminal antigens into the GALT from the gut lumen, are significantly decreased in aged mice (16) . These findings suggest that altered PP functions contribute to impaired antigen-specific immunity in the GI tract. Of importance, our previous finding showed that age-associated alterations are already initiated in the mucosal immune system of the GI tract during a relatively early stage of their life span. Thus, when 1-year-old mice were orally immunized with ovalbumin (OVA) plus cholera toxin (CT), reduced levels of OVA-and B subunit of CT (CT-B)-specific mucosal and systemic immune responses were noted when compared with those exhibited in young adult mice, which resembled those seen in 2-year-old mice given the same oral vaccine (6) . Further, reduced sizes of PPs and diminished numbers of naive CD4 + T cells were also noted in 1-year-old mice (3, 4, 7) . Taken together, one could infer that an impaired GI tract immunity represents the first sign of mucosal senescence.
As mucosal inductive tissues, PPs and NALT share common features; however, a compartmentalization occurs between the GALT-and NALT-based mucosal immune systems for the induction of antigen-specific immune responses (17) . In addition, the progression during organogenesis and lymphocyte trafficking are distinctly regulated (15, 18, 19) . Furthermore, our previous studies provided evidence that the aging process in NALT is also distinctly regulated when compared with that of GALT (3, 7) . For example, the overall numbers of naive CD4 + , CD45RB
+ T cells in NALT were comparable between aged and young adult mice. Thus, when 1-year-old mice were nasally immunized with OVA plus CT, elevated levels of antigen-specific mucosal SIgA and plasma IgG antibody responses were induced (7). These results clearly show that both mucosal and systemic immunity occurred in 1-year-old mice following nasal immunization. However, when 2-year-old mice were immunized nasally with OVA and CT as adjuvant, the mice failed to undergo induction of antigen-specific SIgA antibody responses (7, 20) . Of interest, these aged mice showed intact plasma anti-OVA IgG antibody responses that were comparable to those induced in young adult mice (7, 20) . In this regard, CD4 + T cells from the spleen of aged mice showed significant T-cell proliferation and a T h 2 cytokine profile when stimulated with OVA (7). These results indicate that although mucosal immunosenescence takes place at 2 years of age in both GI and UR tracts of mice, the NALT-based mucosal immune system has advantages in that their aging process occurs later than seen with GALT-derived immunity.
A combined adjuvant for rejuvenation of mucosal immunity
It is generally agreed that pathogen-specific SIgA antibody responses are a necessary component for providing a first line of effective immunity against major respiratory pathogens at their entry site. However, antigen-specific mucosal SIgA antibody responses are diminished during the aging process despite slower development of immunosenescence in the NALT-based mucosal immune system. In order to establish effective protection at the mucosa of the elderly, we have begun to target mucosal tissues and immune cells for vaccine delivery. To this end, mucosal dendritic cell (DC)-targeting antigendelivery systems have been shown to induce antigen-specific SIgA antibody responses (Fig. 1) . In order to more broadly stimulate DCs and to avoid polarized T h 1 (inflammatory)-or T h 2 (allergic)-type immune responses in the elderly, a double adjuvant system has been developed using a combination of the plasmid encoding the Flt3 ligand cDNA (pFL) and CpG ODN. When aged mice were nasally immunized with OVA plus pFL and CpG ODN, significantly increased levels of OVA-specific, SIgA and plasma IgG antibody responses were induced (20) (Fig. 1) . Importantly, this double adjuvant system elicited a balanced T h 1-and T h 2-type cytokine response with essentially no potential inflammatory IL-17 responses (20) . In order to assess the functional properties of SIgA antibody responses in aged mice induced by a combined adjuvant system, aged mice were nasally immunized with bacterial-or viral-antigen plus pFL and CpG ODN. When aged mice were nasally immunized with pneumococcal surface protein A (PspA) plus a combination of pFL and CpG ODN, elevated levels of PspA-specific SIgA antibody responses in external secretions were induced that provided protective immunity against nasal Streptococcus pneumoniae colonization (21) . In addition, we have shown that a nasal influenza vaccine containing our double adjuvant system pFL and CpG ODN enhanced influenza virus-specific immunity for the prevention of influenza virus infection in aged mice (22) .
Adipose tissue-derived mesenchymal stem cell therapy restores protective antigen-specific SIgA antibody responses in the GI tract
Although the combined adjuvant strategy successfully elicited pathogen-specific SIgA antibody responses that provided protective immunity in aged mice, the intrinsic aged condition may not be changed. In this regard, we have assessed the potential of mesenchymal stem cells (MSCs), especially adipose tissue-derived MSCs (AMSCs) for the restoration of mucosal immunity in aged mice since various clinical trials have shown the regenerative capacity of MSCs (23) (24) (25) . For example, a combination of AMSCs and fibrin glue therapy improved healing in complex perianal fistulas, which could potentially be relevant for the treatment of inflammatory bowel diseases (23) . Others have shown that transplantation of monolayered MSCs is an effective new therapeutic strategy for cardiac tissue regeneration (24) . In addition, it was shown that AMSCs could be used for treatment of Alzheimer's disease (26) and periodontal disease (27) .
Aged (>18 months old) mice were adoptively transferred with or without AMSCs (2 × 10 6 , <10 passages in culture). AMSCs were isolated from adipose tissue of either young C57BL/6 mice or a young female human subject by a combination of enzymatic digestion and centrifugation (28) . Two weeks later, both groups of mice were orally immunized with OVA plus CT three times at weekly intervals. Seven days after the final immunization, when fecal extract samples and plasma were subjected to OVA-and CT-B-specific ELISA, elevated levels of mucosal SIgA and plasma IgG antibody responses were noted in aged mouse recipients when compared with aged mice without AMSC transfer ( Fig. 1) (28) . The induction of antigen-specific SIgA antibody responses was supported by increased levels of IL-4 production in mucosal tissues of aged mice that was achieved by pre-treatment with AMSCs (28). Of importance, antigenspecific SIgA antibodies in aged mice restored by adoptive transfer of AMSCs were functional. Thus, fecal extracts containing CT-B-specific SIgA antibodies exhibited neutralization activity against CT intoxication (28) . This is a unique and new feature of AMSCs that contrasts with previous studies generally showing that MSCs down-regulate various immunocompetent cells (29) (30) (31) . More recently, MSCs were reported to inhibit both CD4 + and CD8 + T-cell proliferation following co-culture and polyclonal stimulation (32) (33) (34) . Other in vitro studies showed reduced antibodies in mixed lymphocyte cultures (35) as well as diminished B-cell proliferation and antibody synthesis (36) . Finally, co-culture of MSCs with splenic B cells induced IL-10-producing regulatory B cells that ameliorated autoimmunity and antibody synthesis (37). Our new system has taken a separate approach that allows AMSCs to restore an impaired mucosal immune system. The major difference with the studies of others is that we have assessed AMSC functions by adoptive transfer in vivo in a mouse model. Further, we employed serum-free medium to expand AMSCs. Thus, transferred AMSCs and their soluble products including exosomes may totally differ from others and up-regulate various immunocompetent cells. In this regard, it will be important to establish the minimum numbers of AMSCs that can reverse impaired mucosal immunity. Further, it would be of great interest to determine whether AMSCs from aged mice or humans could provide similar functions. These points are currently under investigation in our laboratory. 
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Potential mechanisms for overcoming mucosal immunosenescence
One of the features of immunosenescence is an increased baseline of inflammation known as 'inflamm-aging' (38) . Thus, chronic inflammatory responses may hamper induction of antigen-specific immune responses when active immunization is initiated, since it is essential to induce a transient inflammatory innate immune response in order to elicit subsequent acquired immunity (39) . It has been shown that MSCs also exhibited potential roles for anti-inflammatory functions (40) . Thus, MSCs have been employed as therapeutic strategies for various immune disorders including graft-versus-host disease (41) (42) (43) , organ transplantation (44-47), autoimmune diseases (48) (49) (50) (51) (52) and inflammatory bowel disease (53, 54) . Indeed, MSCs interact with T cells to reduce their pro-inflammatory cytokine production (31, 55) , while increasing their production of anti-inflammatory cytokines, including IL-4 and IL-10 (56, 57) . In this regard, we considered the possibility that AMSC transfer into aged mice could reduce inflamm-aging and facilitate the subsequent restoration of antigen-specific immune responses when mice were orally immunized with OVA and CT (Fig. 2) . Of importance, our studies noted increased numbers of IL-4-producing CD4 + T cells with increased levels of OVAinduced IL-4 production by CD4 + T cells in PPs. Since IL-4 is an essential T h 2-type cytokine for adjuvant activity of CT (58, 59) , these results clearly indicate that AMSCs enhanced IL-4 production in aged mice, which could also potentially downregulate inflammatory responses and simultaneously allow CT to enhance OVA-specific antibody responses.
In addition to interacting with T and B cells, MSCs also play regulatory roles for innate immune cells including monocytes, macrophages and DCs (60) (61) (62) (63) (64) (65) . Notably, DCs co-cultured with MSCs showed aberrant maturation, cytokine production and down-regulation of activated T cells (60, 62, 63, 65) . Of interest, when mature DCs were co-cultured with MSCs, these DCs lost high levels of CD11c, MHC class II and costimulatory molecules. Further, MSC-co-cultured DCs exhibited CD11b molecule expression and phagocytic activity, which characterize immature DCs (65) . Although in vitro MSC-treated, mature DCs failed to induce T-cell proliferation, this DC population expressed CD11c and MHC class II when adoptively transferred into recipient mice (65) . These results suggest that in vivo interactions of MSCs and mature DCs may induce an immature DC phenotype with APC function for activation of naive T cells and subsequent antigen-specific antibody responses. Even though in vitro MSC-treated, mature DCs express Jagged-2, which is essential for downregulation of activated T cells (65) , it has been shown that Jagged-2 expressed by DCs interacts with Notch-expressing, naive CD4 + T cells and thus plays a central role in the induction of effector T h 2-type CD4 + T cells. Indeed, our current findings showed that adoptive transfer of AMSCs prior to oral immunization elicited IL-4-producing, antigen-specific CD4 + T cells in aged mice. Thus, it is possible that AMSCs interact with mature DCs to regenerate immature DCs for increased total numbers of APCs in order to restore impaired mucosal immune responses in aged mice (Fig. 2) . To support this view, our previous studies (discussed above) showed that the DC-targeting mucosal adjuvant pFL and CpG ODN successfully induced antigen-specific SIgA antibody responses in aged mice (20) (21) (22) . Studies to address these issues are currently under investigation.
It has been suggested that two major differences associated with aging are the decline in the gut immune system and changes in the distribution of the intestinal microbiota, termed dysbiosis (66) . Indeed, it has been reported that significant alterations in the intestinal microflora occur in the elderly (>65 years old) (67, 68) . In contrast, other human microbiome analyses showed that centenarians were associated with increased inflammatory cytokine responses, but not in the elderly group (average age 70 ± 3), which exhibited a change in their microbiota (69) . On the basis of these findings, one could predict that adoptive transfer of AMSCs possibly reshapes the dysbiosis of the intestinal microflora in aged mice to more resemble that seen in young adult mice (Fig. 2) . To test this hypothesis, we have characterized the microbiota of aged mice given AMSCs via adoptive transfer by meta-genomic analyses. Our preliminary studies showed that fecal pellets of aged mice exhibited significant changes in bacterial species after AMSC transfer. We are currently confirming these findings and comparing the microflora of aged mice given AMSCs by adoptive transfer with those of young adult mice to determine if an actual re-shaping of the microbiota occurs.
Conclusion
In this review, we showed that a DC-targeting double adjuvant system and AMSC transfer immune therapy are potential strategies for restoration of mucosal immunity in aging (Fig. 1) . Thus, a combination of pFL and CpG ODN effectively activates DCs in the mucosal inductive tissues and subsequently induces antigen-specific protective SIgA antibody responses in aged mice. AMSC transfer potentially downregulates pre-existing inflammatory responses in aged mice by enhancing APC functions that regulate the induction of DC-mediated mucosal immunity (Fig. 2) . Our present findings exploit a novel anti-aging role for AMSCs to restore functions in the GI tract of the mucosal immune system. Although it seems that the up-regulation of APC functions is the key element of both anti-aging strategies, we still need to address other cellular and molecular mechanisms for the reversal of immunosenescence. It is essential to further study the precise cellular and molecular mechanisms where a combined adjuvant and AMSCs restore the mucosal immune system in aging in order to expand this knowledge to potential clinical applications.
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